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The kidney-specific chloride channels CLC-K1/2 and their
functionally important subunit barttin, by mediating solute
transport in medulla, contribute to the osmotic gradient. We
sought to determine whether they themselves are regulated
by variations of osmolality. The expression of CLC-K1 and
barttin mRNA and protein was significantly increased in a
distal convoluted tubule cell line after a shift to high osmolar
medium. This upregulation paralleled that of serum and
glucocorticoid-inducible kinase 1 (SGK1), a gene known to be
upregulated by cell shrinkage. Specific knockdown of SGK1
or addition of the p38 MAPK pathway inhibitor SB203580
abolished the induction of SGK1, CLC-K1 and barttin by high
osmolarity suggesting that a functional MAPK pathway is
required to mediate osmotic-driven induction of all three
genes. The physiological relevance of our in vitro data was
confirmed by water deprivation of male C57BL6 mice, which
caused a significant increase in serum osmolality along with
induction of CLC-K1, barttin and SGK1. Our study shows that
change in intracellular volume, because of high osmolality,
result in SGK1 upregulation and the subsequent increase
of CLC-K1/barttin expression in distal renal tubular cells
in vivo and in vitro.
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Chloride channels are involved in a wide range of physio-
logical processes ranging from basal cellular functions, such
as cell volume regulation, and intracellular vesicle acidifica-
tion to more complex processes, such as vectorial trans-
epithelial transport.1 Kidney-specific chloride channels CLC-
K1/2 and their functionally important subunit barttin have
already been identified because of their functional proper-
ties,2–8 localization6,9–11 and the clinical relevance of CLCKA/B
and barttin regulation has recently been reviewed.12
In an earlier publication, we found a parallel nephron-
specific downregulation of CLC-K1 and barttin in the inner
medullary thin ascending limb of the loop of Henle after
administration of furosemide.13 The effect of presumed
changes of osmolality on CLC-K1 expression was further-
more demonstrated by the finding that CLC-K1 mRNA was
upregulated after water deprivation.6,14 These findings let us
to hypothesize that CLC-K1, as important determinant
of medullary osmoregulation,15,16 and its subunit barttin
are regulated by variations of osmolality. To gain more
insight in this regulatory pattern, we incubated a distal
convoluted tubule (DCT) cell line with high osmotic medium
(final osmolality 450 mosm/kg H2O) and examined CLC-K1/
barttin mRNA and protein expression. To investigate whether
the stimulus is high NaCl or high osmolality, we further
incubated cells with high osmotic medium containing
surplus mannitol (final osmolality 450 mosm/kg H2O). The
finding that the serum and glucocorticoid-inducible kinase 1
(SGK1), a cell volume regulated gene is upregulated by
cell shrinkage17 made us examine whether CLC-K1/barttin
expression is caused by SGK1. It was already shown that
similar to the epithelial Naþ channel ENaC18,19 CLCKA and
barttin currents increase in the presence of SGK1 because of
an enhanced membrane insertion of barttin, resulting from
decreased ubiquitination.20 However, to date only few data
exist on the impact of hyperosmolality on transcriptional
SGK1 regulation.21
Therefore, we investigated the influence of hyperos-
molality on the SGK1 expression and examined if SGK1 is
involved in the transcriptional regulation of CLC-K1/barttin.
In addition to the in vitro examinations, we studied the
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influence of water deprivation and consecutively modified
cell volume on the SGK1, CLC-K1, and barttin expression
in mouse kidneys in vivo.
RESULTS
Influence of osmolality in pars convoluta cell line (DCT) of
distal tubule
Raising osmolality to 450 mosm/kg H2O by adding NaCl
increased SGK1 mRNA expression significantly after only 4 h
of incubation (Figure 1a). This incubation reached its peak
level after 12 h with a 20-fold increase in SGK1 mRNA
expression (P¼ 4 105), which remained significantly
elevated over the ensuing 24 h. Incubation with mannitol
(450 mosm/kg H2O) resulted in a Esevenfold increase in
SGK1 mRNA levels also after only 4 h of treatment
(P¼ 9 105) (Figure 1a) and decreased slightly over the
ensuing 32 h. In contrast, addition of surplus urea (final
osmolality 450 mosm/kg H2O) was not able to significantly
increase SGK1 mRNA (Figure 1a) and protein expression
(Figure 1d). The increase in SGK1 mRNA was accompanied
by a significant increase in SGK1 protein levels, which peaked
at Ethreefold above basal levels after 4–8 h of NaCl
incubation (Figure 2a and b) and also Ethreefold above
basal levels after 8 h of mannitol incubation (Figure 2a).
Incubation of DCT cells with additional NaCl also resulted
in a significant increase in CLC-K1 and barttin mRNA
expression. We detected a 14-fold increase in CLC-K1 mRNA
expression after 12 h (P¼ 0.005) (Figure 1b) and a significant
14-fold increase in barttin level after 8 h (P¼ 0.003) (Figure
1c). Incubation with surplus mannitol also significantly
increased CLC-K1 (Figure 1b) and barttin (Figure 1c) mRNA
expression, whereas surplus urea had no increasing effect on
CLC-K1 and barttin mRNA expression (data not shown).
The increase of CLC-K1 and barttin mRNA expression was
also accompanied by an increase in protein levels (Figure 2a
and b). CLC-K1 protein level peaked atE10-fold above basal
levels after 48 h of NaCl incubation (Figure 2b) andE14-fold
above basal levels after 24 h of mannitol incubation. The
increase in barttin protein level peaked at Ethreefold above
basal levels after 12 h of NaCl (Figure 2b) as well as at
Efourfold above basal levels after 12 h of mannitol incubation.
The induction of phospho-p38 MAPK protein level
by hyperosmolality (Figure 2c) in contrast to p38a MAPK
demonstrated that hyperosmolality is the appropriate
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Figure 1 | High osmolality and mRNA expression of SGK1, CLC-K1 and barttin. (a) High osmolality (450 mosm/kg H2O) increases
SGK1, CLC-K1 (b) and barttin (c) mRNA expression in DCT cells. Cells were exposed to high NaCl, mannitol or urea (final osmolality
450 mosm/kg H2O) for different time intervals as indicated. mRNA levels were analyzed as described above. Pooled data (n¼ 4) are
illustrated and values are means±s.e. of SGK1, CLC-K1, barttin mRNA normalized to cyclophilin mRNA. *Po0.05 vs. control (ctrl).
(d) High osmolality induction of SGK1 protein levels relative to b-actin in DCT cells. Cells were incubated with NaCl (N), mannitol (M)
or urea (U) containing medium (final osmolality 450 mosm/kg H2O) for 8 h in comparison with basal medium (b). Pooled data (n¼ 3)
are presented. *Po0.05 vs. control (b).
Kidney International (2008) 74, 1170–1177 1171
T Bergler et al.: CLC-K1 in high osmolality depends on SGK1 o r i g i n a l a r t i c l e
stimulus of phospho-p38 MAPK induction. The induction
of SGK1 mRNA by NaCl as well as mannitol was almost
completely inhibited by the p38 MAPK inhibitor SB203580
(10 mM), demonstrating that SGK1 mRNA induction is
dependent on a functional p38 MAPK signaling pathway
(Figure 3). Inhibition of the MEK1 pathway with PD98059
(10 mM) had no effect on hyperosmolality-induced SGK1
mRNA expression. Inhibition of p38 MAPK signaling
pathway was not only associated with reduced SGK1 mRNA
expression, but CLC-K1 as well as barttin mRNA expression
were also significantly reduced if DCT cells were pretreated
with SB203580 before high osmolality incubation (Figure 3).
In contrast to SGK1, CLC-K1, and barttin were also signi-
ficantly down regulated, if DCT cells were pretreated with
MEK1 inhibitor PD 98059 before high osmolarity incubation
(Figure 3).
To ensure the physiological relevance of the detected
results, a medullary thick ascending limb (mTAL) and
an inner medullary collecting duct (IMCD) cell line were
incubated with additional NaCl, mannitol, and urea (final
osmolality 450 mosm/kg H2O). In accordance with the DCT
cell line, a significant upregulation of SGK1, CLC-K1, and
barttin mRNA expression after incubation with high osmotic
media was detected (data not shown).
Silencing of SGK1 Reduces High Osmolality-Induced CLC-K1
and Barttin expression
In DCT cells transfected with SGK1-specific siRNA, SGK1
mRNA was significantly downregulated in comparison with
untransfected cells (P¼ 0.0007), whereas MOCK transfected
cells (P¼ 0.4) as well as cells transfected with nonspecific
siRNA (P¼ 0.2) displayed no difference (Figure 4b). mRNA
regulation of SGK1 was also verified on protein level
(Figure 4a). Incubating untransfected, MOCK transfected
24 h12 h6 h4 h2 h0.5 hBasal
Hours of NaCl incubation (450 mosM/kg)
*
*
*
*
0
1
2
3
4
Fo
ld
 p
ro
te
in
 in
du
ct
io
n
phospho-p38 MAPK
p38-alpha MAPK
24 h
phospho-p38 
MAPK
12 h6 h4 h2 h0.5 hBasal
N
aC
l
p38α
MAPK
Basal 4 h 8 h 12 h 24 h 36 h 48 h
Hours of NaCl incubation (450 mosM/kg)
0
2
4
6
8
10
12
Fo
ld
 p
ro
te
in
 in
du
ct
io
n
* * *
*
*
*
*
*
*
Barttin
CLC-K1
SGK1
48 h36 h24 h12 h8 h4 hctrl
Ba
rtt
in
β-A
ct
in
CL
C-
K
SG
K1
Mannitol
NaCl
Mannitol
NaCl
Mannitol
NaCl
Mannitol
NaCl
DCT
Figure 2 | High osmolality and SGK1, CLC-K and barttin
protein level. (a) High osmolality increases SGK1, CLC-K and
barttin protein levels relative to b-actin in DCT cells. Cells were
exposed to NaCl or mannitol containing medium (final osmolality
450 mosm/kg H2O) for different time intervals as indicated.
Representative results of western blot analysis are shown and
pooled quantified data (n¼ 3) of SGK1, CLC-K1 and barttin are
demonstrated (b) *Po0.05 vs. control. (c) NaCl-dependent
induction of phospho-p38 MAPK protein after different time
intervals in comparison with p38a MAPK. Representative results
are shown and pooled quantified data (n¼ 3) of phospho-p38
MAPK and p38a MAPK are demonstrated. *Po0.05 vs. control.
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Figure 3 | Influence of kinase inhibition on SGK1, CLC-K1 and
barttin expression. p38 MAPK inhibitor (SB203580) blocks high
osmolality-induced SGK1 mRNA induction in contrast with MEK1
inhibitor (PD98059). Cells were preincubated with 10 mM SB203580
or 10 mM PD98059 for 1 h and were then incubated with high
osmolality containing medium (450 mosm/kg H2O) for another
8 h. Consequences of p38 MAPK and MEK1 inhibition on high
osmolality-induced CLC-K1 and barttin mRNA induction are also
illustrated. Pooled data (n¼ 3) are shown and values are
means±s.e. of SGK1, CLC-K1, barttin mRNA normalized to
cyclophilin mRNA. *Po0.05 vs. basal, yPo0.05 vs. high osmolality.
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or with nonspecific siRNA transfected DCT cells with surplus
NaCl or mannitol induced a significant increase in SGK1
mRNA expression (Po0.0005) (Figure 4b). In contrast, in
DCT cells transfected with SGK1-specific siRNA neither NaCl
nor mannitol dependent high osmolality induced a signifi-
cant increase in comparison with basal untransfected DCT
cells (Figure 4b). In comparison with NaCl or mannitol
incubated untransfected cells, DCT cells pretreated with
SGK1-specific siRNA were significantly downregulated in
SGK1 mRNA expression (Po3.5 105).
Additionally, CLC-K1 mRNA expression was not upregu-
lated by high salt and high mannitol incubation after SGK1
gene-specific silencing (P¼ 0.3) (Figure 4c). In comparison
with NaCl or mannitol incubation of untransfected cells,
CLC-K1 mRNA expression of cells transfected with SGK1
siRNA was significantly downregulated. In contrast, MOCK
and nonspecific siRNA treated cells still showed a signifi-
cantly upregulated CLC-K1 mRNA expression after high
osmolality incubation (Po0.03) (Figure 4c). Similar results
were found for the barttin mRNA expression in the DCT cell
line after treatment with SGK1-specific siRNA (Figure 4d).
To control for possible side effects of siRNA treatment, we
performed a MTT assay to ensure cell vitality. In comparison
with untransfected cells neither MOCK nor cells transfected
with nonspecific or SGK1-specific siRNA displayed any
significant differences in cell vitality (Figure 4e).
In medullary thick ascending limb as well as IMCD cell
line similar effects of SGK1 gene-specific silencing were
found (data not shown).
Hydration status of male C57BL6 mice affects CLC-K1,
barttin and SGK1 expression
Mice in the control group gained approximately 3% of
body weight during the 36 h experiment, whereas mice lost
approximately 15% body weight during 36 h of water
deprivation (Table 1). Serum sodium, serum chloride, and
serum urea concentrations as well as serum and urine
osmolality at 36 h were significantly higher in the water
deprivation group (Table 1). In accordance to blood levels,
water deprivation for 36 h induced a significant increase of
renal CLC-K1, barttin, and SGK1 mRNA expression in the
inner medulla (Figure 5a). Additionally, cortical SGK1
mRNA expression was also significantly upregulated in dehy-
drated mice. Western blot analysis of total kidney homo-
genates verified the upregulation of SGK1 and CLC-K after
water deprivation (Figure 5b).
DISCUSSION
The hypotheses to be tested in this study were, whether (a)
high osmolality stimulates CLC-K1 and barttin expression,
(b) high osmolality per se or high NaCl is driving this
stimulation, and (c) cell–volume-regulated SGK1 is involved
in the transcriptional regulation.
First, we found that CLC-K1 and barttin were significantly
upregulated by high osmolality in DCT as well as in
medullary thick ascending limb and IMCD cell line. Second,
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Figure 4 | Influence of SGK1 gene silencing. (a) Consequences
of gene-specific knockdown on SGK1 protein abundance in
comparison with MOCK or with nonspecific siRNA treated cells.
The shown western blot analysis is a representative example of
three independent experiments. (b) SGK1-gene specific silencing
blocks high osmolality (450 mosm/kg H2O)-induced SGK1
mRNA expression. DCT cells were transfected with SGK1-specific
siRNA, nonspecific negative control (non-si) or MOCK for 24 h as
described above. Cells were then incubated with high osmolality
containing medium (either NaCl or mannitol) for another 8 h
and SGK1 mRNA levels were determined by real-time PCR.
High osmolality-induced upregulation of CLC-K1 (c) and barttin
(d) mRNA expression was also significantly reduced by
transfection with SGK1-specific siRNA. Pooled data (n¼ 4)
are shown and values are means±s.e. of SGK1, CLC-K1, and
barttin mRNA normalized to cyclophilin mRNA. *Po0.05 vs.
untransfected basal, # vs. untransfected high osmotic. (e) Impact
of SGK1 specific gene-silencing on DCT cell vitality in comparison
with untransfected as detected by MTT assay. Pooled data
(n¼ 4) are shown and values are means±s.e.
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we found that the signal for CLC-K1/barttin upregulation
appears to be high osmolality per se rather than high NaCl
concentration as in our study, both high NaCl and high
mannitol, but not high urea incubation enhanced the
expression of CLC-K1 and barttin. The sequential induction
of CLC-K1, barttin mRNA and protein, and the delay until
protein peak (E12–36 h) indicates that de novo synthesis of
CLC-K1/barttin is responsible for the detected results. The
expression of CLC-K and barttin protein in DCT is in
accordance with earlier microdissection studies of our group,
which confirmed a CLC-K1 and barttin mRNA localization
in DCT.8 Third, SGK1 was also significantly upregulated in
parallel by high osmolality. These data are in accordance with
other studies22 that showed an approximately fourfold
increase in SGK1 protein level in rat inner medullary
collecting duct cells after incubation with high NaCl culture
medium (final osmolality 475 mosm/kg H2O). In parallel
with CLC-K1/barttin, the observed SGK1 induction was
also sequential with a delayed time course in protein peak
(E4–8 h). Thus, the induction of SGK1 also seems to be
mediated by de novo synthesis. These results confirm a recent
report, which found that the osmolality-dependent upregula-
tion of SGK1 depends on an increase in SGK1 gene
transcription.21
After showing a parallel upregulation of CLC-K1/barttin
and SGK1 by high osmolality, we examined the influence of
SGK1 on CLC-K1/barttin transcription after SGK1-specific
gene silencing. Pretreatment with SGK1-specific siRNA
caused a significant downregulation of basal SGK1 mRNA
and protein expression. Our finding that CLC-K1/barttin
mRNA was not altered under basal incubation with
SGK1 siRNA demonstrates the specificity of SGK1 silencing.
Furthermore, pretreating cells with SGK1-specific siRNA
prevented high osmolality-induced upregulation of SGK1
expression and upregulation of CLC-K1 and barttin mRNA
by high osmolarity was also nearly completely abolished.
Hence, besides a functional dependency of CLC-KA and
barttin currents on SGK1 presence, these results demonstrate
for the first time that under high osmolality incubation CLC-
K1/barttin gene transcription is dependent on SGK1 induc-
tion. Use of SGK1-specific siRNA demonstrated that SGK1 is
not only relevant for the regulation of epithelial sodium23–26
and potassium channel,27 but also for kidney-specific
chloride channel CLC-K1 and its subunit barttin. Sodium,
potassium and chloride are equally crucial for cellular
osmolality and cell volume control. Furthermore, variations
of ion concentration leading to modified cell volume have to
take place electroneutral and therefore chloride is the appro-
priate partner ion of sodium and potassium. As SGK1 is a cell
volume regulated gene, the expression of which is induced
when cells shrink,17 these findings provide a mechanistic link
between changes in intracellular volume detected by SGK1
and CLC-K1/barttin expression. Currently, it is unknown
whether SGK1 mediates its high osmolality-induced effect on
CLC-K1/barttin expression on both interacting partners
equally. Nevertheless, the sequential induction of barttin
mRNA and protein takes place before the induction of CLC-
K1 mRNA and protein, this may be regarded as a hint that
SGK1 interaction with barttin through its PY site at its
cytoplasmatic C-terminal3 may influence CLC-K1 induction.
Table 1 | Body weight, kidney weight, serum, and urine osmolality, and concentrations of sodium, chloride, urea in hydrated
mice and mice after 36 h of water deprivation
Hydrated (n=10) Dehydrated (n=10) P-value
DBody weight (g) +3.16±0.26 0.65±0.20 1.8 109
Kidney weight (g) 0.292±0.004 0.262±0.004 0.0001
Serum sodium at end (mmol/l) 149±0.75 167.4±1.66 1.8 105
Serum chloride at end (mmol/l) 105.8±0.91 126.6±1.43 4.3 106
Serum urea at end (mg per 100 ml) 45.8±2.79 67.25±4.65 0.01
Serum osmolality at end (mmol/kg) 331.4±0.92 409.75±4.89 2.5 106
Urine osmolality at end (mmol/kg) 1357±189 2857±536 0.002
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Figure 5 | Influence of water deprivation on SGK1, CLC-K1 and
barttin expression. (a) Renal cortical and inner medullary SGK1,
CLC-K1 and barttin mRNA expression of hydrated, control mice
and mice after 36 h of water deprivation (dehydr.) (n¼ 10) are
shown. Values are means±s.e. of CLC-K1, barttin and SGK1 mRNA
normalized to cyclophilin mRNA. *Po0.05. (b) Consequences of
water deprivation for 36 h on SGK1 and CLC-K protein level
relative to b-actin are illustrated. The shown western blot analysis
is a representative example of three independent experiments.
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Kidney cells, especially when originating from the renal
medulla, are exposed to enormously elevated levels of
osmolality as a consequence of renal concentrating mechan-
isms. Therefore, we verified all our results in an IMCD cell
line. The physiological relevance of in vitro data was
confirmed by our in vivo results. After 36 h of water
deprivation mice displayed significantly increased serum
osmolality levels and CLC-K1 and barttin mRNA were
significantly upregulated in parallel with SGK1 in the inner
medulla. We conclude that osmolality and in consequence
cell shrinkage either after high osmolality incubation or water
deprivation are the appropriate signals for SGK1, CLC-K1
and barttin induction.
To examine how high osmolality is inducing SGK1 and
subsequently CLC-K1/barttin we analyzed different kinase
pathways. Recently, Nahm et al.28 demonstrated that kinase
pathways are involved in gene transcription after high
osmolality incubation. It is known that high osmolality
immediately results in an increase in intracellular ionic
strength and subsequent double stranded DNA breaks.29
Therefore, several protecting systems to prevent apoptosis are
initiated.30 Inhibiting p38 MAPK pathway significantly
reduced NaCl and mannitol-dependent induction of SGK1,
thereby verifying previously published data.22 Inhibition of
other kinase pathways, for example, MEK1 had no effect on
high osmolality-dependent SGK1 induction, demonstrating
that NaCl and mannitol use a common pathway to affect
osmolality-driven SGK1 expression. Additionally, inhibition
of p38 MAPK pathway also prevented CLC-K1/barttin
induction after high osmolality incubation. Besides inhibi-
tion of p38 MAPK pathway, inhibition of MEK1 pathway
also significantly reduced osmolality-driven CLC-K1/barttin
induction. In contrast to SGK1, the CLC-K1/barttin induc-
tion after high osmolality incubation needs different kinase
pathways to guarantee activation of both genes to protect
cells from immediate volume changes.
Cell shrinkage after high NaCl incubation is in proportion
to the extent of tonicity and therefore acts as a precise
tonicity sensor.31 Since to date no membrane-associated
tonicity sensor has been described in mammalian cells, other
regulatory factors handling applied high osmolality must
play a role. Besides a p38 MAPK-dependent signaling cascade
(for example, influencing SGK1) a transcriptional regulation
might also play a role. NaCl is known to activate the
transcription of tonicity responsive genes, which encode
proteins essential for osmolytes uptake or synthesis.31,32
However, accumulation of organic osmolytes is assigned to
the chronic phase of cell volume recovery taking place after
hours to days. The first step after the initial efflux of water
characterized by an influx of inorganic ions, for example,
chloride is initiated within minutes to few hours. Currently, it
is unknown whether the detected CLC-K1/barttin upregula-
tion by high osmolality incubation is only dependent on cell
shrinkage. The presence of solutes themselves might also
contribute to the detected SGK1 and subsequent CLC-K1/
barttin upregulation. The findings that high mannitol neither
containing Naþ nor Cl caused a comparable upregulation
of CLC-K1/barttin as high NaCl does not support the
assumption that the regulation is mediated by solutes
themselves.
Nevertheless, one general limitation regarding the use of
mannitol must be considered. In contrast to sodium crossing
cell membranes freely, for example, through specific ex-
changers or co-transporters, mannitol does not. Our findings
of a comparable upregulation of CLC-K1/barttin as well as
SGK1 expression after high NaCl incubation argues against
the assumption that the resulting intracellular osmolality
with mannitol plays a major role. To avoid mannitol-specific
effects on cell shrinkage, and in consequence gene expression,
we furthermore incubated cells with raffinose (450 mosm/kg
H2O) and detected a similar increase in CLC-K1, barttin, and
SGK1 expression (data not shown).
Together these data lend support to the assumption that
SGK1-dependent regulation of CLC-K1/barttin expression
after high osmolality incubation (either NaCl or mannitol) is
primarily mediated by cell shrinkage and therefore caused by
changes in cell structure that not primarily solutes-depen-
dent. The gene-specific silencing of SGK1 demonstrated that
CLC-K1/barttin upregulation after high osmotic incubation
is mediated through SGK1. Inhibiting the p38 MAPK
pathway illustrated that SGK1 as well as CLC-K1/barttin
are dependent on a functional active MAPK pathway to
mediate osmotic-driven gene induction. The concordance of
in vitro data with in vivo results supports the physiological
importance of the detected results. Thus, we provide for the
first time evidence that changes in intracellular volume due
to high osmolality result in SGK1 upregulation and
subsequently increased CLC-K1/barttin expression in distal
renal tubular cells.
MATERIALS AND METHODS
In vitro experiments
Distal convoluted tubule cell line. DCT cells, which had been
previously isolated and immortalized from mice33 and had been
functionally characterized,34,35 were kindly provided by Peter A.
Friedman, University of Pittsburgh. DCT cells were grown in
DMEM/Ham’s F-12 media (Sigma) supplemented with 5% heat-
inactivated FCS-gold (PAA, Pasching, Austria) and an antibiotic
mixture of 50 mg penicillin, 50 mg streptomycin, and 100mg
neomycin/100 ml (Invitrogen, Karlsruhe, Germany) in a humidified
atmosphere of 95% air and 5% CO2 at 371C.
Results of DCT incubation have been verified in a mouse
medullary thick ascending limb and a mouse inner medullary
collecting duct cell line (mIMCD-3). Medullary thick ascending
limb cells were kindly provided by Soline Bourgeois, Universite`
Paris36 and IMCD cells were purchased from LGC Promochem
(Wesel, Germany).
The osmolality of control medium was 300 mosm/kg H2O.
Incubation of cells and RNA isolation. DCT cells were incubated
with isosmotic medium (300 mosm/kg H2O) or high osmotic
medium (450 mosm/kg H2O) for different time intervals as indicated.
After incubation total RNA from isosmotic medium (300 mosm/kg
H2O) or high osmotic medium (450 mosm/kg H2O), was extracted
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using QiaShredder columns (Qiagen, Hilden, Germany) and RNeasy
Mini Kit (Qiagen) according to the manufacturer’s directions with
additional DNase digestion to remove all traces of genomic DNA.
Reverse Transcription and Real-time PCR
Total RNA was reverse transcribed into cDNA according to standard
protocols. In brief, cDNA probes were synthesized in 20 ml reaction
volume with 1 mg total RNA, 0.5 mg oligo(dT) primer (Sigma), 40
units of RNasin (Promega, Mannheim, Germany), 0.5 mM dNTP
(Amersham, Freiburg, Germany), 4 ml 5 transcription buffer and
200 units of Moloney murine leukemia virus (M-MLV) reverse
transcriptase (Invitrogen, Karlsruhe, Germany) for 1 h at 371C. In
parallel, no-RT controls and no-template controls were performed.
Real-time PCR was performed on a ABI PRISM 7900HT detection
system (Applied Biosystems, Darmstadt, Germany) using Quanti-
Tect SYBR Green PCR Kit (Qiagen) as described before.37
Cyclophilin B was used as a reference gene. All water controls were
negative for target and housekeeper. Data were analyzed using SDS
2.2.2 software (Applied Biosystems).
The sequences of the used primers were CLC-K1: 50-CCTCTCAC
TTCTCCGTCTGG-30 (forward), 50-ATGGAGGTGATGGTCTCCTG-30
(reverse); barttin: 50-AGCCTCCCAGACTTCACTCA-30 (forward),
50-GGGATTTCTCTCCCTCGTTC-30 (reverse); SGK1: 50-TGCAATG
TGCCTTTTCTGAG-30 (forward), 50-GCCAAGGGAAAAACAAAC
A-30 (reverse); cyclophilin B: 50-TGATCCAGGGTGGAGACTTC-30
(forward), 50-ATTGGTGTCTTTGCCTGCAT-30 (reverse).
Western blot experiments
Subconfluently grown DCT cells were treated with isosmotic
medium (300 mosm/kg H2O) or high osmotic medium
(450 mosm/kg H2O) for different time intervals and scraped into
lysis buffer (RIPA buffer (in mM: 150 NaCl, 50 Tris-HCl (pH 7.4),
0.5 phenylmethylsulfonyl fluoride, 2.4 EDTA, 1% sodium deso-
xycholate, with 1% Nonidet P40) with 4% protease inhibitor
cocktail (Sigma, Aldrich, Munich, Germany)). Protein concentra-
tions were determined in duplicate with the method of Pierce using
Sigma reagents. For western blot analysis 25 mg total protein was
boiled with Laemmli buffer (Bio-Rad, Munich, Germany) at 951 for
5 min, subjected to 12% SDS-PAGE and then transferred to
nitrocellulose-membranes (Schleicher & Schuell, Dassel, Germany)
by semidry blotting. Membranes were blocked with Tris-buffered
saline (with 0.1% Tween-20) containing 5% nonfat dry milk for
90 min and incubated with the primary antibody (rabbit anti-barttin
1:1000, Alpha Diagnostic, San Antonio, Texas, USA; rabbit anti-
CLC-K 1:200, Alomone Labs, Jerusalem, Israel; rabbit anti-p38a
MAP kinase 1:1000, Cell Signaling, Danvers, Massachusetts, USA;
rabbit anti-phospho-p38 MAP Kinase 1:1000, Cell Signaling; rabbit
anti-SGK1 0.5 mg/ml, Upstate Millipore, Lake Placid, New York,
USA) overnight at 41C. A horseradish peroxidise-conjungated
secondary antibody was used to detect immmunoreactive bands
using the enhanced chemiluminescence (ECL) western blotting
detection system (Amersham-Bioscience, Buckinghamshire, UK).
Membranes were exposed to Hyperfilm (Amersham–Bioscience) and
the signal was quantified using the MetaMorph 4.6.9r software from
Universal Imaging (Visitron Systems, Puchheim, Germany).
Afterward, nitrocellulose membranes were stripped, washed, and
blocked with TBST containing 5% nonfat dry milk for 90 min.
Detection was done with a goat anti-b-actin antibody (1:1000, Santa
Cruz; overnight at 41C) and a donkey anti-goat secondary antibody
(1:2000, Santa Cruz; 1 h at room temperature) coupled to
peroxidase and ECL.
The specificity of the detected CLC-K immunoreactive bands was
verified using the corresponding control peptide (Alomone Labs).
RNA Interference
For silencing of SGK1, DCT cells (7.5 105 cells/well) were trans-
fected with predesigned siRNA duplexes specific for SGK1 (25 nM)
(Qiagen) or predesigned AllStars negative control (Qiagen), using
HiPerFect Transfection Reagent (Qiagen) 24 h before incubation
according to the manufacturer’s protocol. To determine any
nonspecific effect that may be caused by the transfection reagent
or process, cells went through the transfection process without the
addition of specific or nonspecific siRNA (MOCK-transfected cells).
After pretreatment with siRNA reaction mixture for 24 h, RNA/lipid
complexes were removed and cells were incubated in medium
(basal, 450 mosm/kg H2O NaCl, 450 mosm/kg H2O mannitol) for
another 8 h. For control of SGK1-knockdown on mRNA level, cells
were harvested by trypsination, total RNA was extracted and
analyzed for SGK1 expression by real-time PCR. The consequences
of SGK1-knockdown on barttin and CLC-K1 mRNA expression
were analyzed by real-time PCR with the primers mentioned above.
The gene-specific knockdown of SGK1 was additionally examined in
western blot experiments to study whether the associated SGK1
protein was regulated in parallel to mRNA expression.
To exclude any accompanying effects of SGK1-specific gene
silencing on cell proliferation and vitality that may affect the
detected results, we performed a MTT (3-(4,5 dimethylthiacol-2-yl)-
2,5-diphenyltetracoliumbromide (Sigma) cytovitality test. Untrans-
fected cells, MOCK transfected cells and cells transfected with
AllStars negative control or SGK1-specific siRNA were incubated
in a 96 well plate with 10 ml MTT for 4 h at 371C, 5% CO2.
SDS solution (20%, Bio-Rad, Munich, Germany) was added for 2 h
(371C, 5% CO2) and optical density was measured.
Animal Experiments
Animal experiments were conducted in accordance with the NIH
Guide for the care and use of laboratory animals and the German
laws on the protection of animals. Male C57BL/6 mice (Charles
River, Sulzfeld, Germany) (17–20 g) were maintained on standard
chow and water ad libitum until the beginning of the experiment.
Mice were divided into two groups (n¼ 10) either with free access
to water or water deprivation for 36 h. Afterward the animals were
killed; their kidneys were removed, and carefully separated in cortex
and inner medulla under a stereomicroscope. Tissue preparations
were immediately snap-frozen in liquid nitrogen and stored at
801C until analysis. RNA isolation, reverse transcription, and real-
time PCR were done in accordance to the in vitro examinations as
described in detail above.
Statistical Analysis
Results are presented as the mean±s.e. Statistical significance
between experimental groups was assessed by Student’s t-test or
by Analysis of Variance (ANOVA) followed by a t-test. A value of
Po0.05 was considered as statistically significant.
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